Abstract-The aggregation and sedimentation of ultradispersed diamonds (UDDs) in a citrate copper-plating electrolyte (CCPE) used to fabricate composite electrochemical coatings are investigated. The sedimentation and aggregation stability is investigated in order to select the UDD concentration in the CCPE. This is necessary to fabricate composite copper coatings with improved operational characteristics (increased hardness, wear resistance, and corrosion resistance), as well as impart them new properties (antifriction and catalytic). The UDD content in the electrolyte varies in limits from 0.2 to 2.0 g/L. The size distribution of the UDD particles in the electrolyte immediately after the suspension preparation and after the 10-day holding is determined using a Malvern Mastersizer 2000 laser diffraction analyzer. The aggregation and sedimentation stability of the UDD suspension in the CCPE is investigated by the gravimetric method with the continuous weighing of a quartz small cap immersed into this suspension. The quartz cap is associated with a Sartorius R200D analytical balance with the help of a quartz wire. The experimentally determined time dependence of the weight of settling UDD particles is Q = f(t). The relative size distribution of the particles is determined from this dependence. It is established that the sedimentation stability is substantially affected by the aggregation of the particles, the intensity of which increases with an increase in the UDD concentration. The results satisfying the requirements on the aggregation and sedimentation stability are found for the UDD suspension in the CCPE with a concentration of 1.0 g/L. In this case, the high content of the dispersed phase is combined with aggregation and sedimentation stability, which makes it possible to fabricate copper composite coatings with improved operational properties.
INTRODUCTION
Copper-plating is widely used in mechanical engineering to protect separate segments of steel parts during the cementation, boriding, and nitriding; to provide adhesion and cohesion strength of friction compositions with the steel base; and to impart the decorative appearance to the surface [1, 2] . They promote an increase in electrical conductivity of contacts and the prevention of sparking [3, 4] . In addition, they are applied as a sublayer for the subsequent deposition of multilayered coatings.
The introduction of composite particles into copper coatings substantially improves their operational characteristics (hardness, wear resistance, and corrosion resistance) and imparts them new properties (antifriction and catalytic), which can occur due to the intrinsic properties of incorporating particles, as well as their influence on the metal crystallization. Composite electrochemical platings (CEPs) are fabricated by electrodeposition from the suspension consisting of composite particles and copper-plating electrolyte. The CEP formation kinetics includes the following stages: the delivery of particles to the cathode, their
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Vol. holding near the cathode surface, and overgrowing by depositing metal. Therefore, the dispersed phase (DP) content in fabricated CEPs depends directly on the sedimentation and aggregation (coagulation) DP stability in the analyzed medium. In addition to the sedimentation, particles can be coarsened in an aqueous electrolyte by means of aggregation [5] . In connection with these facts, the investigation into the stability of ultradispersed particles is topical both from the scientific viewpoint and for the development and improvement of technologies associated with the fabrication of composite galvanic platings.
At present, investigations into composite electrochemical materials using ultradispersed diamonds (UDDs), or nanodiamonds (NDs), and detonation synthesis, which make it possible to improve platings and impart them specific properties, have given the development. The detonation synthesis technology of NDs is developed by Russian scientists and implemented at enterprises in Russia (State Unitary Enterprise SKTB Tekhnolog, St. Petersburg; Researchand-Production Association Altai, Biisk; etc.), Belarus (ZAO Sinta, Minsk), and China. Investigations into the properties and structure of detonation nanodiamonds (DNDs) fabricated according to this technology have been performed by scientists from many countries. DND microphotographs are presented in works of Russian (A.Ya. Vul', et al.) and American (O.A. Shenderova, et al.) researchers (Fig. 1) . The change of UDD surface properties can be also affected using chemical, barothermal, and thermal treatment. Such diamonds are characterized by a small particle size (4-6 nm on average), chemical stability of the diamond core, and peripheral shell activity (Fig. 2) [6] [7] [8] [9] [10] [11] [12] .
Calculated and experimental methods showed [7, [9] [10] [11] [12] [13] [14] [15] that primary UDD particles 4 nm in diameter form fractal cluster structures (30-40 nm in size), of which coarser aggregated particles of the order of hundreds of nanometers are formed.
Due to the presence of functional groups on the UDD surface, the particles acquire hydrophilic properties, which positively affects the sedimentation stability because the ND surface is blocked by water molecules possessing the dipole moment. This in turn lowers the agglutination probability of particles.
When introducing diamonds into the solution, the aggregation coarsening the particles occurs. Such a process is undesirable, because the incorporation of coarse particles of the dispersed phase into the metal matrix is complicated. Therefore, it is necessary to decrease the aggregation rate and degree in order that the size of dispersed particles in the electrolyte would be minimal. In order to include the dispersed phase into the plating, the suspension should retain stability during the electrodeposition with the maximally possible content of UDD particles.
In connection with this fact, the investigation into processes occurring in the electrolyte with ultradispersed diamond particles is highly important from the viewpoint of the formation of composite coatings uniform in the structure and properties. The data on the fractional composition and average particle size of ND aggregates in the electrolyte can be found using the sedimentation analysis, which is the simplest method of analysis of systems with a particle size from 0.1 to 100 μm [16, 17] .
Some authors [18] [19] [20] [21] investigated the UDD stability in water and in solutions with an insignificant content of salts of deposited metal, in which mainly visual methods of the analysis (the suspension stratification over the settling column height) and photocolorimetry methods were used. However, there is no data referring the investigation into the UDD stability in electrolytes for the deposition of composite copper platings. This work is targeted at investigating the sedimentation stability of suspensions based on the citrate copper-plating electrolyte (CCPE) and substantiation of the selection of the UDD concentration necessary for the formation of composite coatings with improved operational properties.
nm
EXPERIMENTAL
To perform sedimentation analysis, we prepared a suspension consisting of the CCPE [22] [23] [24] and UDD particles. The electrolyte had the following composition, g/L: CuSO 4 ⋅ 5H 2 O-100, (NH 4 ) 2 SO 4 -120, citric acid-58, and NaOH-to pH 8.0. NDs of the detonation synthesis produced by ZAO Sinta were used as UDDs [12, 25] .
The initial suspension composition and composition of the UDD suspension after 5-day and 10-day holding was analyzed using a Malvern Mastersizer 2000 laser diffraction analyzer (ZAO Exiton Analytic, St. Petersburg). Measurements were performed with the continuous circulation of the suspension preliminarily diluted with water by a factor of 10-20. A small concentration of UDD particles and constant mixing make it possible to maximally decrease the aggregation probability of DP particles.
The sedimentation analysis was performed using the installation shown in Fig. 3 .
Particles were settled in a glass 5 cm in diameter and 7 cm in height; the particle settling height during the sedimentation was 4 cm in each experiment. The experimentally found time dependence of the weight of settling UDD particles is Q = f(t) (Fig. 4) . The maximal weight of UDD particles, which can settle on a quartz disc under the condition of their complete sedimentation [16] , was determined using the equation (1) where C is the DP (UDD) concentration, g/L; S is the area of the sedimentation disc, cm 2 ; ρ 0 = 1.116 g/cm 3 is the density of the copper-plating solution; ρ = 3.5 g/cm 3 is the density of the individual UDD particle [11] ; and η = 1.5 cP is the citrate copper electrolyte viscosity. The citrate electrolyte density and viscosity were determined experimentally.
There is a bend in the initial segment of the sedimentation curve (Fig. 4) . The rate of sedimentation of the dispersed phase in segment I increase, which may be associated with an increase in sizes of settling particles due to the aggregation [26] . Segment II characterizes the sedimentation of UDD aggregates [16, 26] . Consequently, the curve in Fig. 4 describes the sedimentation of a polydispersed suspension accompanied by the aggregation of DP particles.
All subsequent calculations of the fractional composition of UDD particles are performed over segments II of sedimentation curves (Fig. 4) . For this purpose, the weight of particles settled in region I was subtracted in each time instant from their total weight (Fig. 5) . The curve in Fig. 5 describes the sedimentation of particles in the field of gravity force (g = 9.8 m/s 2 ) immediately after the UDD aggregation (coagulation). The curve for the analysis for divided into segments over time and the settling velocity (dQ i /dt i ) was determined for each segment [16, 17] . We thus analyzed sedimentation curves for all UDD concentrations in the CCPE.
RESULTS AND DISCUSSION
The results of processing the sedimentation curves after the aggregation was completed (according to Fig. 5, segment 1) , with an increase in the UDD concentration in the CCPE, pointed to an increase in rates of sedimentation of the finest fractions (Fig. 5, segment 7) , which remained almost invariable in concentration range C UDD = 0.2-1.0 g/L, while the acceleration and sedimentation of UDD aggregates was observed at C UDD = 1.5 and 2.0 g/L. This is possibly associated with coarsening all UDD aggregates during the coagulation.
The UDD aggregation in the CCPE starts immediately after the suspension preparation; therefore, it is impossible to analyze the granulometric composition by the gravimetric method. Therefore, the size distribution of the initial particles was established using a laser diffraction analyzer. The size distribution curves of aggregates for all UDD concentrations in the CCPE had the form presented in Fig. 6 . Figure 6 contains two peaks, the maxima of which correspond to diameters of aggregated UDD particles of 80 nm and 1.5 μm, while the bulk distribution of aggregated is in ranges of 50-158 nm and 0.36-9 μm. The numerical size distribution of aggregated particles points to the residence in the suspension of UDDs preferentially with a diameter from 50 to 158 nm with a maximum at 65 nm. The presence of a peak in a range of aggregate sizes from 0.36 to 9 μm is associated with the aggregation of UDDs, the sizes of which are also in a range of 50-158 nm. The aggregates with micron diameters are subjected to sedimentation because they do not participate in the Brownian motion. Figure 7 shows the experimental sedimentation curves for various UDD concentrations in the CCPE. It is seen that the aggregation time (the time before the bend in curves) depends on the UDD concentration in the electrolyte. The aggregation time shortens from 32 min (Fig. 7, curve 1) to 12 min (Fig. 7, curve 3) , with its increase from 0.2 to 1 g/L. A decrease in the distance between the particles with an increase in the UDD concentration leads to an increase in the probability of agglomerate formation and an increase in their sizes. The aggregation time was 2 min at C UDD = 1.5 g/L, while the aggregation proceeded almost instantly at C UDD = 2.0 g/L (Fig. 7, curves 4 and 5 ).
An increase in the UDD concentration in the CCPE promotes an increase in the rate of sedimentation, which is evidenced by the variation in the slope angle of sedimentation curves (Fig. 7 ). An increase in the rate of sedimentation is possibly associated with particle coarsening.
When fabricating composite electrochemical coatings, the suspension with a high DP content possessing herewith aggregative stability is of interest. Based on our results, we can conclude that, in order to pre- The stirring periodicity should not admit the aggregation completion, and suspension dispersal should ensure that the initial sizes (50-158 nm) of aggregated UDD particles are attained (Fig. 6 ).
The weight of UDD particles settled on a quartz disc determined experimentally and the maximal weight of particles calculated (Eq. (1)) allowing for the UDD concentration did not coincide; therefore, we investigated the suspension composition 5 and 10 days after the sedimentation using a laser diffraction analyzer (Fig. 8) .
It follows from Fig. 8 that aggregated particles from 52 to 240 nm in size are arranged in the electrolyte for a long time. The maximum in curve 2 corresponds to the size of aggregated particles of 80 nm. A similar peak in the size region of aggregated particles from 50 to 158 nm is also present in the size distribution curve of the initial suspension (Fig. 6) . Starting from this fact, we can assume that a certain part of nanosized UDDs is not subjected to the aggregation because of a large distance between the particles. In addition, a small distinction between the volume and quantitative distributions can evidence that the aggregated particles from 52 to 240 nm are close to spherical.
Based on our investigations, we can conclude that an increase in the UDD concentration higher than 1.0 g/L is unreasonable, because the electrodeposition should be performed in the continuous hydrodynamic stirring mode and the excess of UDD particles will not improve but will even worsen the attachment of dispersed particles in a copper matrix and will lead to the anisotropy of surface properties. The suspension containing 1.0 g/L UDDs in the CCPE has a satisfactory stability with respect to the aggregation, which makes it possible to provide the maximal probability of the DP feed to the electrodeposited surface with the subsequent composite overgrowth. The suspension is held in a weighed state by mechanical stirring with a periodicity of 10 min.
Composite copper coatings were formed from solutions with various UDD contents, and their operational properties were evaluated. An increase in the UDD concentration in the CCPE to 1.0 g/L had led to a sixfold decrease in porosity, an increase in wear resistance by a factor of 3.5, and an increase in microhardness by a factor of 1.5 [22] . Herewith, the amount of UDD particles impregnated into a copper matrix increased to 0.2 wt %. The further increase in the UDD concentration in the CCPE had not promoted the improvement of CEP properties.
CONCLUSIONS
We established in our work that, among UDD suspensions in the CCPE under study, copper-plating electrolytes with a UDD content from 0.2 to l.0 g/L are stable in regards to sedimentation and aggregation. An abrupt decrease in the aggregation and sedimentation stability is observed upon reaching the UDD of 1.5 g/L and above in the CCPE. It is also established that particles from 50 to 158 nm in size were present in the suspension before the aggregation onset. The UDD aggregates, the size range of which was 0.36-9.0 μm, were formed and destructed immediately during stirring. UDD aggregates from 2.1 to 23.4 μm in size appeared in the absence of mechanical stirring, while the time for the aggregate formation decreased with an increase in the UDD concentration in the CCPE and the size rise of UDD particles was observed.
To fabricate composite electrochemical platings, a suspension with a high content of a dispersed phase possessing aggregation and sedimentation stability is of interest. The UDD suspension in the CCPE with the UDD concentration of 1.0 g/L corresponds to the demanded requirements. A high content of the dispersed phase is combined with the aggregation and sedimentation stability in this case, which makes it possible to form copper composite platings with a low porosity and high wear resistance [22] . To increase the aggregation and sedimentation stability of the suspension, it is necessary that the stirring periodicity does not admit aggregation completion and that mechanical stirring at the UDD concentration in the CCPE of 1.0 g/L is performed every 10 min. 
